With the aim of producing simple and effective transparent conducting electrodes, the conducting polymer poly(3-hexylthiophene) (P3HT) incorporated with reduced graphene oxide film (rGO) (called rGO-P3HT) was prepared by spin-coating method. Structural, electrical and optical characterization showed that rGO-P3HT films 9.0 wt% P3HT exhibited good stability when exposed to the ambient atmosphere. These composite films of 200 nm thickness possess a sheet resistance and transparency of R ~ 17 Ω and T ~ 72%, respectively. Owing to containing conducting polymer, rGO-P3HT-coated glass could be efficiently used in photovoltaic applications, in organic solar cells in particular, with the replacement of the indium tin oxide (ITO) and fluorine tin oxide (FTO) electrodes.
Introduction
Transparent conducting electrodes (TCEs) have received increasing interest due to their various technological applications such as electrochromic display (ECD) [1] , touch screens, liquid crystal displays (LCDs), organic light emitting diodes (OLEDs) and organic solar cells (OSCs) [2] [3] [4] . At present, there are many kinds of TCEs made from inorganic transparent conducting oxides (TCO) such as flor-doped tin Oxide (FTO), Sn-doped indium oxide (ITO), aluminum-doped ZnO (AZO), etc. The 100 nm-thick TCO films possess a high transparency up to 90% and a large conductivity of 1.2 × 10 6 S/cm or low sheet resistance (R -10 Ω) [5] . However, TCO films have many disadvantages, for example, their compounds are expensive (specially In for ITO), sophisticated production technology like CVD, Dc-and Rf-sputtering, Electron beam deposition, etc. Nowadays graphene is considered a leading candidate to replace conventional TCO electrodes because of its high transparency and exceptional transport properties. The effect of chemical p-type doping on graphene stacks was studied in order to reduce the sheet resistance of graphene films to values approaching those of conventional transparent conducting oxides. The doping decreases the sheet resistance by a factor of 3, yielding films comprising eight stacked layers with a sheet resistance of 90 Ω at a transparency of 80% [6] . Reduced graphene oxide (rGO) can be considered as a p-type semiconductor [7] ; the energy bandgap is in a range of from 1.9 to 3.6 eV depending on the reduction level [8] . A simple and effective TCE based on reduced graphene oxide film embedded with silver nanowire-(AgNW-rGO) was developed [9] . The AgNW-rGO hybrid electrode was fabricated by using a simple and scalable dip-coating technique. This solution processed TCEs that showed high electrical conductivity in comparison with pristine AgNW. The electrical conductivity was found to increase in the number of dipping cycles of AgNW after coating the graphene oxide. This increase in the observed conductivity was attributed to the gas-barrier property of rGO. At room temperature AgNW/rGO films possess a sheet resistance of 27 Ω and a transmittance of 72% (at 550 nm) [9] . The TCEs of multiwall carbon nanotubes (MWCNTs) incorporated with graphene quantum dots were made for GaN-based light emitting diodes (LED). A sheet resistance of 533 Ω and a transmittance of 88% were obtained when chemical-vapor-deposition grown graphene was fused across CNT networks [10] . Recently [11] , we have prepared composite films of poly(3-hexylthiophene) and reduced graphene oxides (rGO-P3HT) for sensing ammonia gas. We recognized that rGO-P3HT films exhibited a rather large transparency and a reasonable sheet resistance. The fact that the films were thick and the sheet resistance was large is a requirement of NH 3 gas conductivity sensors; consequently a large content of P3HT was necessary to embed in the composite films. However, the conductivity and transparency can be improved by adjusting the compound ratio of P3HT/rGO in the composite materials in case the rGO-P3HT films are used for TCEs. In this work we present new results obtained in the investigation on the optical and electrical properties of rGO-P3HT composite films made by a simple spin-coating technique and we would like to suggest a potential application of rGO-P3HT coatings for transparent conducting electrodes in organic solar cells.
Experiment

Preparation of rGO Solution
Preparation of rGO solutions was followed by the procedure described elsewhere 
Preparation of rGO + P3HT Composite
P3HT with purity of ≥99.9% were purchased from Sigma-Aldrich Corporation.
P3HT powder with a volume of 6 mg was mixed in 1.2 ml of rGO-DMF solution. This solution was ultrasonically stirred for 2 hours at room temperature. The electrical properties (sheet resistances) of composite samples were measured by four-point probe method. Atomic force microscope (AFM) images were obtained using a Belarusian "NT 206" atomic force microscope operating in a tunnel current mode.
Crystalline structure of the films was characterized by using D-5000 Siemens X-ray diffractometer (XRD). Transmittance spectra were measured on JASCO V-570 spectrophotometer using using "baseline elimination" from the substrate (Corning-247 glass) absorption and the sheet resistance of the samples were 
Results and Discussion
Conducting Property of rGO-P3HT Films
The results of four-point probe measurements showed that sheet the resistance (R ) of the rGO-P3HT was strongly dependent on the P3HT content (C) as shown in Figure 1 . From the R vs. C plot, it is seen that the optimum content of P3HT embedded in rGO is around C = 9.0 wt%, corresponding to R of 17 Ω.
Up to a few percent of P3HT (~ 7 wt%) the R was found to be inversely proportional to P3HT content. This can be attributed to the enrichment of major charge carriers (namely holes) from p-type P3HT organic semiconductor [12] to the rGO-P3HT composite film. Beyond 9 wt% P3HT the R increased slowly and started increasing fast from 10 wt%. This may be explained due to 1) the saturation of the hole concentration, 2) the formation of numerous boundaries (or hetero-interfaces) of P3HT/rGO, resulting in decrease of the mobility of the holes of both the rGO and P3HT in the composite films.
Although the value of the sheet resistance of the composite film (i.e. 17 Ω) is still large in comparison with the one of the commercial ITO films (less than 10 Ω), it is quite comparative to the sheet resistance of AgNW-rGO films made by dip-coating technique as reported in [9] and much lower than that of graphene electrode [6] . A XRD pattern of a rGO-P3HT film is shown in Figure 3 . In a 2θ range from 2 to 30 degrees two characteristic peaks are observed: the 2θ = 5.5˚ peak is consistent with the peak for P3HT [13] and the 26.1˚ peak belongs to rGO as reported in [14] .
Morphology, Structure and Transmittance of rGO-P3HT Films
The full width at half maximum (FWHM) of these peaks is rather large. This shows that both the P3HT and rGO were formed in nanocrystalline particles.
Using Scherrer formula, the calculated particles size (τ) can be found:
where λ is the wavelength of the X-ray used for incident radiation. In our experiment Cu-tube was used, thus λ = 0.15406 nm, β the FWHM (in radians) and θ is the diffraction angle of the considered peak (namely Bragg angle) [15] . From the XRD pattern in Figure 3 for the P3HT peak, β = 0.0021 and τ was found to be of ca. 65 nm. For the rGO peak, β = 0.0034, consequently τ ≈ 45 nm.
The typical transmittance spectrum of the rGO-9.0 wt% P3HT film is shown in Figure 4 .
The largest transparency (~80%) is observed at 400 nm, at 550 nm (the largest around ultra-violet wavelengths. This is due to the strong absorption of rGO at a range from 240 to 275 nm that caused by π-π* transition of aromatic C-C rings and n-π* of C-O bond [16] . The P3HT strongly absorbed light in a range of wavelengths from 500 to 750 nm that concerned the π-π* bonding in the P3HT chain [17] . This is why the transmittance of the rGO-P3HT film decreased in this wavelength range (Figure 4) .
In this work, we used the UV-Vis spectra data to estimate the energy bandgap (E g ) of the composite film. For rGO combined with the conducting polymer (P3HT), E g is the gap between the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LOMO). It can be determined by using the expression [18] :
where h is Planck's constant, ν is the frequency of the incident UV-Vis radiation,
A is a constant and n is 1/2 for direct band semiconductors and 2 for indirect band gap semiconductors. In case the reflectance of the films is ignored, the frequency dependence of α(ν) can be calculated from the experimental optical transmittance spectra (T), using following relation [19] :
In our experiments, for the rGO-P3HT film the best fits were found for n = 1/2 (corresponding to the direct band). The hν-dependence of (αhν)
2 is plotted in Figure 5 . From this figure one can see that a line segment AB exhibits the linear hν-dependence of (αhν) 2 . By extending AB to cross the abscissa, the value of E g of the rGO-P3HT film was found to be 3.46 eV which is closed to the value reported in for rGO with an average reduction level [20] . 
Conclusions
A simple and effective transparent conducting electrodes (TCEs) based on reduced graphene oxide film embedded with conducting polymer P3HT
(rGO-P3HT) was developed. The rGO-P3HT composite electrode was fabricated by using a simple spin-coating method. This solution processed TCEs showed small sheet resistance (large electrical conductivity). rGO-P3HT TCEs also exhibited good stability when exposed to the ambient atmosphere. The optimum concentration of P3HT embedded in rGO was found to be of 9.0 wt%. The sheet resistance and transparency of the composite film attained a value of R ~ 17 Ω and T ~ 72%, respectively.
Our results provide a possible way to replace the indium tin oxide (ITO) or fluorine tin oxide (FTO) with rGO-P3HT films in the spin-coating technique, and make it promising to produce composite films for future flexible photovoltaic applications.
